MicroRNA DNA methylation
1.
Introduction microRNAs (miRNAs) are endogenous, small (w22 nucleotides) noncoding RNAs that mediate post-transcriptional gene silencing in both plants and animals (Esquela-Kerscher and Slack, 2006; Esteller, 2011) . miRNAs negatively regulate their target genes in one of two ways, depending on the degree of complementarity between themselves and the target messenger RNAs (mRNAs). miRNAs that bind with perfect or nearly perfect complementarity to mRNA sequences induce the RNA-mediated interference (RNAi) pathway, in which mRNA transcripts are cleaved by a miRNA-associated RNAinduced silencing complex (miRISC). This mechanism is mainly observed in plants, though miRNA-directed mRNA cleavage does occur in animals. Most animal miRNAs are thought to act by binding to imperfectly complementary sites within the 3 0 untranslated regions (UTRs) of target mRNAs and inhibiting the initiation of translation via the miRISC complex. Annotation of their genomic locations suggests most miRNA genes are situated within intergenic regions, though they are also observed within exonic and intronic regions in either sense or antisense orientation. Like genes encoding proteins, miRNA genes are mainly transcribed by RNA polymerase II. They are initially transcribed as large RNA precursors called pri-miRNAs, which are processed within the nucleus by Drosha, a ribonuclease III enzyme, in collaboration with Pasha (also known as DGCR8). The processing of primiRNAs produces w70-nt-long molecules called premiRNAs, which fold into imperfect stem-loop structures. The pre-miRNAs are exported into the cytoplasm by the nuclear export protein . Once in the cytoplasm, the pre-miRNAs are released in a GTP-dependent manner and processed by another ribonuclease III, Dicer, in complex with the double-stranded RNA-binding protein TRBP to produce the functional 22-nt-long miRNA.
Several studies have provided evidence that dysregulated miRNA expression contributes to the initiation and progression of human cancers (Croce, 2009; Esquela-Kerscher and Slack, 2006; Esteller, 2011) . Indeed, downregulation of a subset of miRNAs is a commonly observed feature of cancers, suggesting these molecules may act as tumor suppressors. The first report of altered miRNA expression in cancer was related to the frequent chromosomal deletion and downregulated expression of miR-15 and miR-16, two miRNAs thought to target the antiapoptotic factor BCL2 in chronic lymphocytic leukemia (Calin et al., 2002) . Another example is let-7, which negatively regulates expression of Ras oncogenes; its downregulation in tumors is thought to contribute to activation of the Ras signaling pathway (Johnson et al., 2005) .
Although the mechanism underlying miRNA dysregulation in cancer is not yet fully understood, recent studies have shown that epigenetic mechanisms play important roles in the regulation of miRNA expression. Epigenetic gene silencing due to promoter CpG island hypermethylation is one of the most common mechanisms by which tumor suppressor genes are inactivated during tumorigenesis. To date, approximately half of the classical tumor suppressor genes known to be mutated in familial cancer syndromes have been shown to be inactivated by promoter hypermethylation (Feinberg and Tycko, 2004; Jones and Baylin, 2002) . In addition to classical tumor suppressors, increasing numbers of genes related to cellcycle control, DNA repair, tumor invasiveness and the response to growth factors are being identified as inactivated by hypermethylation in malignancies (Jones and Baylin, 2007; Suzuki et al., 2008) . Moreover, recent advances in microarray and sequencing technologies have enabled comprehensive analysis of the epigenome and miRNA expression in cancer cells, and as a result the list of miRNA genes silenced by methylation in cancer is rapidly growing (Lopez-Serra and Esteller, 2012) (Figure 1 , Table 1 ). In this review, we will highlight the contribution made by epigenetic alteration of miRNA genes in cancer, and discuss their clinical application as biomarkers and therapeutic targets.
2.
Screening methods to identify methylation of miRNA genes
The first evidence of an epigenetic mechanism involved in silencing miRNAs in cancer came from a pharmacological unmasking experiment. Using a miRNA microarray, Saito et al. analyzed 
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Figure 1 e Epigenetically silenced miRNA genes in cancer.
bladder cancer cell treated with or without the DNA methyltransferase (DNMT) inhibitor 5-aza-2 0 -deoxycytidine (5-azadC) and the histone deacetylase (HDAC) inhibitor 4-phenylbutyric acid (4-PBA) (Saito et al., 2006) . Of 313 miRNA genes evaluated, expression of 17 was upregulated by the drug treatment in T24 cells. Among them, miR-127 is embedded within a CpG island, and its upregulation was associated not only with DNA demethylation but also with acetylation of histone H3 and trimethylation of histone H3 lysine 4 (H3K4me3), which are marks of active transcription. Experimental evidence confirmed that the proto-oncogene B-cell lymphoma 6 (BCL6) is a target of miR-127, suggesting it can act as a tumor suppressor (Saito et al., 2006) . Thereafter, miRNA microarray analysis revealed the epigenetic silencing of miR-124 family genes in the HCT116 colorectal cancer (CRC) cell line and the same cell line in which both DNMT1 and DNMT3B are genetically disrupted (Lujambio et al., 2007) . The silencing of the miR-34b/c gene was also discovered in the same cells , and a number of other methylated miRNA genes have been identified by screening for miRNAs upregulated by epigenetic drug treatment in cancer cells (Hashimoto et al., 2010; Kozaki et al., 2008; Lujambio et al., 2008; Saito et al., 2009) . Methylated miRNA genes have also been identified by analyzing genome-wide DNA methylation in cancer cells. For instance, through the combined use of methylated CpG island amplification (MCA) and CpG island microarray analysis, the methylation of miR-9-1 was identified in pancreatic cancer . In addition, DNA methylation microarray analysis using the Infinium BeadChip revealed miR-10b as a target of DNA methylation in gastric cancer. Recently, Yan et al. performed a genome-wide methylome analysis entailing the deep sequencing of MBD (methylated DNA binding domain)-isolated DNA in HCT116 cells, and identified a variety of methylated genes, including miR-941, miR-1237 and miR-1247 .
As with protein-coding genes, epigenetic regulation of miRNA genes is tightly associated with histone modifications, among which trimethylation of histone H3 lysine 4 (H3K4me3) is a hallmark of active transcription, whereas di-or trimethylation of histone H3 lysine 9 (H3K9me2 or H3K9me3) and trimethylation of lysine 27 (H3K27me3) are marks of repression (Figure 1 ). The combination of chromatin immunoprecipitation (ChIP)-on-chip and miRNA microarray analyses in prostate cancer cells revealed that miRNA expression is positively correlated with H3K4me3 and inversely correlated with H3K27me3 in the miRNA promoter regions (Ke et al., 2009) . Analysis of histone modification using ChIP-on-chip in acute lymphoblastic leukemia (ALL) revealed that the CpG islands of 13 miRNA genes are associated with high H3K9me2 and low H3K4me3, suggesting these miRNAs are epigenetically silenced in ALL . Subsequent methylation analysis confirmed the hypermethylation of the selected miRNA genes, including the miR-9 family, miR-34 family and miR-124 family genes. Hampering the identification of epigenetically dysregulated miRNA genes in cancer is the limited annotation of the primary transcripts of miRNA genes. Earlier studies have shown that H3K4me3 could be a useful mark with which to identify the active promoter regions of miRNA genes (Marson et 
2008). In addition, we recently assessed genome-wide histone modification by performing deep sequencing (ChIP-seq) in CRC cells . Using the approach, we identified the putative promoter regions for 174 primary miRNA genes, among which 37 were predicted to be targets of epigenetic silencing in CRC.
The epigenetic silencing of a subset of tumor suppressive miRNAs was discovered through functional screening. Kozaki and colleagues tested the anti-proliferative effects of a panel of 327 synthetic miRNAs in oral and endometrial cancer cell lines Uesugi et al., 2011) . Nearly 100 of the 327 miRNAs exerted growth suppressive effects, and approximately half of those were associated with CpG islands. By analyzing the DNA methylation and expression of the candidate miRNA genes, they identified miR-218 and miR-152 as targets of DNA methylation in oral and endometrial cancer, respectively.
3.
miRNA genes epigenetically silenced in cancer 3.1.
miR-124 family
Epigenetic silencing of miR-124 family genes was first reported in CRC cells (Lujambio et al., 2007) , and is now known to be methylated in various types of cancer. miR-124 is thought to exert tumor suppressor effects by targeting cyclin-dependent kinase 6 (CDK6), and epigenetic silencing of miR-124 leads to CDK6 activation and Rb phosphorylation Lujambio et al., 2007) . Within the human genome, three independent loci (miR-124-1, miR-124-2 and miR-124-3) encode the identical mature miR-124, and all are associated with CpG islands, which may be targets of hypermethylation in cancer (Lujambio et al., 2007) . In primary CRC tissues, methylation of miR-124 family genes is observed in more than 70% of the cases (Lujambio et al., 2007) . Methylation of miR-124 is also reported in hematological malignancies, including approximately half of all cases of ALL ) and non-Hodgkin's lymphoma (Wong et al., 2011b) . In ALL, moreover, miR-124 methylation is associated with higher recurrence and mortality rates, and may be an independent prognostic factor for disease-free and overall survival ). miR-124 family genes are also frequently methylated in the gastric mucosa of Helicobacter pylori (H. pylori)-positive healthy individuals, suggesting their methylation could be induced by chronic inflammation (Ando et al., 2009) . Importantly, among H. pylori-negative individuals, miR-124 genes were more highly methylated in the noncancerous gastric mucosae of gastric cancer patients than in those of healthy individuals, suggesting miR-124 methylation may be involved in an epigenetic field defect. In addition, miR-124 family genes are also frequently methylated in cervical cancer, and ectopic expression of miR-124 inhibits cell proliferation and migration (Wilting et al., 2010) . miR-124 methylation is also acquired during human papilloma virus-mediated transformation, suggesting miR-124 methylation may be a useful marker for detection of cervical cancer and high-grade precursors.
miR-34 family
Members of the miR-34 gene family (miR-34a, miR-34b and miR34c) are direct targets of p53, and their ectopic expression in cancer cells induces cell cycle arrest and apoptosis (Bommer et al., 2007; He et al., 2007) . Within the human genome, miR34a is located on chromosome 1p36, while miR-34b and miR34c are co-transcribed from a single transcription unit on chromosome 11q23, and both are targets of CpG island hypermethylation in oral, esophageal, gastric, colorectal, pancreatic, breast, lung and renal cancer; malignant mesothelioma; and melanoma Kozaki et al., 2008; Kubo et al., 2011; Lodygin et al., 2008; Mazar et al., 2011b; Suzuki et al., 2010; Toyota et al., 2008; Vogt et al., 2011; Wang et al., 2011b) . Methylation of miR-34b/c has also been linked to cancer metastasis (Lujambio et al., 2008) and invasion (Watanabe et al., 2012) . Similar to miR-124, methylation of miR-34b/c in the gastric mucosa is associated with H. pylori infection, and the noncancerous gastric mucosae of patients with multiple gastric cancers show higher levels of miR-34b/c methylation than those of patients with a single gastric cancer, indicating its involvement in an epigenetic field defect (Suzuki et al., 2010) . In non-small cell lung cancer, methylation of miR-34b/c is associated with a high probability of recurrence and poor overall survival . In addition, methylation-associated silencing of miR-34c was recently shown to promote self-renewal and epithelialemesenchymal transition in breast tumor-initiating cells (Yu et al., 2012) . These findings, as well as its contribution to the p53 network, strongly imply that miR-34 family members act as tumor suppressors in cancer. Introduction of miR-34b/ c into cancer cells leads to the downregulation of candidate target genes, including MET, cyclin-dependent kinase 4 (CDK4), cyclin E2 (CCNE2) and MYC (Lujambio et al., 2008; Toyota et al., 2008) . Likewise, restoration of endogenous miRNA expression through demethylation also downregulates target genes, suggesting miRNAs could be important targets for epigenetic cancer therapy .
miR-9 family
Methylation of the CpG island in the miR-9-1 promoter was first reported in breast and pancreatic cancer (Lehmann et al., 2008; Omura et al., 2008) . Shortly thereafter, methylation of miR-9 family genes (miR-9-1, miR-9-2 and miR-9-3) was also identified in several metastatic cancer cell lines (Lujambio et al., 2008) . Consistent with that finding, methylation of miR-9-1 is reportedly associated with lymph node metastasis in CRC , and methylation of miR-9-1 and miR-9-3 is correlated with metastatic recurrence of renal cell carcinoma (Hildebrandt et al., 2010) . All three miR-9 family genes are simultaneously methylated in gastric cancer, and ectopic expression of miR-9 inhibits proliferation, migration and invasion by gastric cancer cells (Tsai et al., 2011a) . miR-9 has been shown to target fibroblast growth factor receptor 1 (FGFR1) and CDK6 in ALL (Rodriguez-Otero et al., 2011) and caudal-type homeobox 2 (CDX2) in gastric cancer cells (Rotkrua et al., 2011) , suggesting a tumor suppressive function. Interestingly, xenoestrogen, which may increase ones risk of developing breast cancer, can induce methylation-associated silencing of miR-9-3 in breast epithelial cells, indicating that methylation of this miRNA gene could be a hallmark of early breast cancer development (Hsu et al., 2009) . In contrast to these findings, however, one recent study showed that miR-9
is activated by MYC and MYCN in breast cancer, and that miR-9 promotes metastasis through downregulation of E-cadherin (CDH1) . These results are indicative of the functional complexity of miRNAs in cancer cells and suggest that miRNAs may exert opposite effects in different tissues or settings.
miR-200 family and miR-205
The miR-200 gene family (miR-200a, miR-200b, miR-200c , miR-141 and miR-429) and miR-205 encode key regulators of epithelialemesenchymal transition (EMT) that act by directly targeting zinc finger E-box binding homeobox 1 (ZEB1) and ZEB2, which are transcriptional repressors that downregulate CDH1 (Gregory et al., 2008; Korpal et al., 2008; Park et al., 2008) . (Davalos et al., 2012) . In bladder cancer, both units of the miR-200 family and miR-205 are coordinately silenced in association with promoter methylation (Wiklund et al., 2011) . Epigenetic silencing of the miR-200 family and miR-205 was also observed in carcinogen-treated lung epithelial cells, suggesting that induction of EMT through miRNA dysregulation occurs early during lung carcinogenesis (Tellez et al., 2011) .
Other miRNA genes
Reduced expression of miR-1 is reported in many malignancies (Bueno et al., 2008; Nasser et al., 2008; Rao et al., 2010) , and methylation of the upstream CpG island and silencing of miR-1-1 have been reported in both hepatocellular carcinoma (HCC) and CRC . Ectopic expression of miR-1 in HCC cells inhibits cellular growth through suppression of its target genes, which include MET, forkhead box P1 (FOXP1) and histone deacetylase 4 (HDAC4) . In CRC cells, miR-1 suppresses cellular proliferation, motility and invasion by targeting a number of genes, including annexin A2 (ANXA2) and brain-derived neurotrophic factor (BDNF ) . miR-125b is a brain-enriched miRNA and a good example of an miRNA that has opposite functions in different tumor types; that is, it can exert oncogenic or tumor suppressor effects, depending of the cellular context. Expression of miR125b is upregulated in several types of malignancies, including prostate cancer, but it is downregulated in breast cancer, where it acts as a tumor suppressor by directly targeting ETS1 . In breast cancer, the silencing of miR-125b is associated with methylation of the miR-125b-1 promoter, and the weak expression of miR-125b correlates with a poor prognosis.
Methylation of miR-129-2 has been reported in endometrial, esophageal, gastric, and colorectal cancer Chen et al., 2012; Huang et al., 2009; Shen et al., 2010) . miR-129-2 targets SRY-related high-mobility group box 4 (SOX4), an oncogene frequently upregulated in malignancies, and an association between miR-129-2 methylation and SOX4 overexpression was found in both endometrial and gastric cancers Shen et al., 2010) . In endometrial cancer, miR-129-2 methylation is associated with microsatellite instability, MLH1 methylation and poor overall survival (Craig et al., 2011) . Similarly, downregulated expression of miR-129 is reportedly associated with poor clinicopathological features in gastric cancer (Tsai et al., 2011b) .
Methylation of miR-137 was first noted in oral cancer (Kozaki et al., 2008) and was subsequently reported in colon (Balaguer et al., 2010; Bandres et al., 2009 ) and gastric cancer . miR-137 methylation is associated with a poorer survival rate among patients with head and neck squamous cell carcinoma (HNSCC) (Langevin et al., 2011) , and was detected in oral rinses collected from HNSCC patients, suggesting its utility as a cancer biomarker (Langevin et al., 2010) . Within cancer cells, miR-137 targets CDK6, lysinespecific demethylase 1 (LSD1) and cell division cycle 42 (CDC42), indicating it to be a tumor suppressor (Balaguer et al., 2010; Kozaki et al., 2008; Liu et al., 2011b) , while in normal cells, miR-137 regulates neuronal differentiation by targeting enhancer of zeste homolog 2 (EZH2) and mindbomb 1 (MIB1) Szulwach et al., 2010) .
miR-145 encodes a well-known tumor suppressor, expression of which is reduced in a colorectal (Michael et al., 2003) , breast (Iorio et al., 2005) , ovarian (Iorio et al., 2007) and prostate cancers (Zaman et al., 2010) . In breast and colon cancer cells, expression of miR-145 is induced by p53, and miR-145 directly targets MYC, suggesting that p53 represses MYC through induction of miR-145 expression. miR-145 also suppresses cancer cell proliferation, invasion and metastasis by targeting mucin 1 (MUC1), insulin receptor substrate-1 (IRS-1) and Fascin homolog 1 (FSCN1) (Fuse et al., 2011; Sachdeva and Mo, 2010; Shi et al., 2007) . In prostate cancer, downregulation of miR-145 expression is associated with an aggressive phenotype and a poor prognosis, and promoter methylation is associated with its silencing (Zaman et al., 2010) . It was also recently shown that both DNA methylation and p53 mutation are major causes of diminished miR-145 expression in prostate cancer (Suh et al., 2011) .
Screening for epigenetically silenced miRNA genes in metastatic cancer cell lines revealed a set of genes that included miR-148a (Lujambio et al., 2008) . Introduction of miR-148a into methylated cancer cells inhibited cell motility, growth and metastasis. miR-148a is methylated in colorectal, breast, lung, head and neck cancers, and is associated with lymph node metastasis (Lujambio et al., 2008) . Methylation-induced silencing of miR-148a is also seen in pancreatic cancer and preneoplastic pancreatic lesions (pancreatic intraepithelial neoplasia; PanIN), suggesting it is an early event in pancreatic carcinogenesis (Hanoun et al., 2010) .
Aberrant activation of the proto-oncogene KIT is observed in various malignancies, including acute myeloid leukemia (AML). Analysis of the 3 0 UTR region of KIT suggested several miRNAs may serve as regulators; among those, methylationinduced silencing of miR-193a is causally related to KIT overexpression in AML . Interestingly, in HCC cells, miR-193a dictates chemoresistance to 5-fluorouracil by targeting serine/arginine-rich splicing factor 2 (SRSF2) . Expression of miR-193a is regulated by DNA methylation, and 5-fluorouracil-sensitive HCC cells show promoter methylation and reduced expression of miR-196a, suggesting it could be an important prognostic indicator in HCC. miR-203 encodes a candidate tumor suppressor and is epigenetically silenced in oral cancer (Kozaki et al., 2008) , hematopoietic malignancies (Bueno et al., 2008; Wong et al., 2011a) and HCC (Furuta et al., 2010) . miR-203 directly controls ABL1 expression, and it also targets the BCR-ABL1 translocation protein induced by Philadelphia chromosome in chronic myelogenous leukemia and B cell ALL in children (Bueno et al., 2008) . The CpG island of miR-203 is specifically methylated in Philadelphia-positive tumors, as compared to other hematopoietic malignancies, suggesting that epigenetic silencing of miR-203 enhances the expression of the BCR-ABL1 oncogene. Epigenetic silencing of miR-203 has also been shown to activate ABL1 in H. pylori-associated gastric B-cell lymphoma of mucosa-associated lymphoid tissue (MALT lymphoma) (Craig et al., 2011) . In HCC cells, miR-203 suppresses cellular growth and downregulates various target genes, including ATP-binding cassette, subfamily E, member 1 (ABCE1) and CDK6 (Furuta et al., 2010) .
Dysregulated expression of miR-375 is frequently observed in cancers; for example, it is downregulated in esophageal (Kong et al., 2012) , gastric (Tsukamoto et al., 2010) , and head and neck cancers (Hui et al., 2011) , whereas it is overexpressed in breast cancer (de Souza Rocha Simonini et al., 2010; Giricz et al., 2012) . Methylation-induced silencing of miR-375 is reported in esophageal squamous cell carcinoma (Kong et al., 2012) , HCC and melanoma (Mazar et al., 2011a) . In the esophageal cancer cells, miR-375 suppresses cell proliferation, motility, invasion and metastasis by targeting insulin-like growth factor 1 receptor (IGF1R) (Kong et al., 2012) . In esophageal and gastric cancer, miR-375 reportedly exerts its tumor suppressive function by downregulating 3-phosphoinositide-dependent protein kinase 1 (PDK1), which in turn reduces Akt phosphorylation Tsukamoto et al., 2010) . Interestingly, however, miR-375 exerts oncogenic effects by targeting RAS dexamethasone-induced 1 (RASD1), and its overexpression is associated with promoter hypomethylation (see below) (de Souza Rocha Simonini et al., 2010) .
CpG island shore methylation and miRNA dysregulation
Most of the studies on the epigenetic silencing of miRNA genes in cancer described above have focused on CpG island hypermethylation. By contrast, one recent study demonstrated that CpG island shore methylation is frequently associated with miRNA downregulation in bladder cancer. CpG island shores are regions located within 2 kb of CpG islands, and their methylation strongly affects gene expression (Irizarry et al., 2009) . Microarray analysis of miRNA expression coupled with demethylating treatment in bladder cancer cells revealed a number of epigenetically silenced miRNA genes (Dudziec et al., 2011) . Interestingly, several miRNA genes are more frequently hypermethylated in the CpG island shore region than the CpG island itself (miR-9, miR-149, miR-210, miR-212, miR-328, miR-503, miR-1224, miR-1227 and miR-1229) . Methylation of these genes is associated with tumor grade, stage and prognosis, and the reduced expression of the silenced miRNAs is apparent in urine specimens from bladder cancer patients, suggesting their utility as diagnostic biomarkers.
5.
Hypomethylation of miRNA genes in cancer
Although epigenetic dysregulation leads to the silencing of many miRNAs in cancer, several are upregulated though epigenetic mechanisms. The CpG island of let-7a-3 is heavily methylated in normal cells but is hypomethylated in lung adenocarcinoma, leading to its elevated expression (Brueckner et al., 2007) . In lung cancer cells, let-7a-3 exerts oncogenic effects through actions on several genes involved in cell proliferation, adhesion and differentiation. Another study showed that elevated expression of miR-375 in estrogen receptor a (ERa)-positive breast cancer cells promotes tumor cell proliferation (de Souza Rocha Simonini et al., 2010) . Similarly, overexpression of miR-375 is caused by loss of repressive histone marks and DNA methylation, which leads to dissociation of the transcriptional repressor CTCF from the miR-375 promoter, and the binding of ERa to its regulatory region. In addition, whereas expression of miR-200a and miR-200b is downregulated in many types of cancer, these genes are overexpressed in pancreatic cancer due to hypomethylation . Moreover, the elevation of miR-200a and miR200b in the serum of pancreatic cancer patients means they could potentially serve as diagnostic biomarkers. miR-196 family genes (miR-196a and miR-196b) are located within the HOX gene cluster and are often overexpressed in tumors, which is indicative of their oncogenic role (Popovic et al., 2009) . miR-196b is embedded within a CpG island, and its overexpression in gastric cancer is associated with its hypomethylation . In HCC, expression of miR-191 is frequently elevated due to hypomethylation of the gene locus (He et al., 2011) . miR-191 directly targets tissue inhibitor of metalloproteinase 3 (TIMP3), and its elevated expression in HCC cells induces transition to mesenchymal-like cells.
Clinical implications of epigenetically silenced miRNAs
A number of studies have demonstrated that the miRNA expression profile is potentially useful for detecting cancers and predicting outcomes. In addition to the altered expression, epigenetically silenced miRNA genes also exhibit aberrant DNA methylation, which could also be a useful marker for cancer diagnosis. For example, as mentioned above, methylation of miR-124 family genes is an independent prognostic factor for disease-free and overall survival . A more comprehensive analysis of epigenetically silenced miRNA genes in ALL has identified methylation of 13 miRNA genes (miR-9-1, miR-9-2, miR-9-3, miR-10b, miR-34b/c, miR124-1, miR-124-2, miR-124-3, miR-132/212, miR-196b, miR-203) . ALLs with at least one methylated miRNA genes, which account for 65% of all ALLs, show significantly poorer disease-free and overall survival than the unmethylated group, suggesting miRNA gene methylation is an important prognostic factor predictive of disease outcome. Similarly, methylation of multiple miRNA genes is associated with larger tumor size and poorer progression-free survival in non-small cell lung cancer (Kitano et al., 2011) .
As mentioned above, miR-34b/c is one of the most frequently methylated miRNA genes among tumors. The CpG island of miR-34b/c is methylated in more than 90% of primary CRCs, and methylation was detected in 75% of fecal specimens from CRC patients and in 16% of specimens from high-grade dysplasia patients, suggesting miR-34b/c methylation could be a useful feces-based screening marker (Kalimutho et al., 2011) . In addition, we recently reported that methylation of a panel of genes, including miR-34b/c, in mucosal wash fluid collected during colonoscopy could be a useful biomarker for predicting the invasiveness of CRCs (Kamimae et al., 2011) .
Given that some epigenetically silenced miRNAs appear to have tumor suppressive potential, restoration of their expression may be an effective strategy for treating cancer. It has been demonstrated experimentally that re-expression of methylation-silenced miRNAs through treatment with a demethylating agent leads to downregulation of target oncogenes and suppression of tumor growth (Lujambio et al., 2007; Toyota et al., 2008) . In addition, the antitumor effects of miRNA replacement using an oligonucleotide mimic or a miRNA expression vector has been tested in numerous studies (Henry et al., 2011) . For example, restoration of miR-34 family expression in pancreatic cancer cells led to a significant reduction in the fraction of CD44þ/CD133þ tumor-initiating cells and inhibits tumor growth in vitro and in vivo . In mouse xenograft models of lung cancer, systemic delivery of a miR-34a mimic using a lipid-based delivery vehicle inhibited tumor growth (Wiggins et al., 2010) . miR-34a also reportedly inhibits prostate cancer stem cells, and the therapeutic efficacy of its systemic delivery was confirmed in a mouse xenograft model (Liu et al., 2011a) . Moreover, using a xenograft model of CRC, polyethylenimine-mediated delivery of miR-145 and miR-33a was shown to downregulate expression of MYC and ERK5, and to suppress tumor growth (Ibrahim et al., 2011) .
miRNA dysregulation and aberrant DNA methylation
In contrast to the observations described above, several lines of evidence support the idea that dysregulation of miRNA can lead to aberrant DNA methylation in cancer. For instance, using a CRC cell line with hypomorphic DICER (Cummins et al., 2006) , we showed that DICER is required to maintain CpG island methylation of several gene promoters in cancer (Ting et al., 2008) . To date, several miRNAs able to regulate DNMT genes are reportedly downregulated in cancer. The miR-29 family (miR-29a, miR-29b and miR-29c), which is downregulated in lung cancer, directly targets DNMT3A and DNMT3B (Fabbri et al., 2007) . Ectopic expression of miR-29 family in lung cancer cells restores expression of methylation-silenced tumor suppressor genes, including fragile histidine triad (FHIT ) and WW domain containing oxidoreductase (WWOX ). In CRC, miR-143 is frequently downregulated, and experimental evidence suggests that miR-143 targets DNMT3A in CRC cells (Ng et al., 2009 ). In addition, downregulated expression of miR-152 in HBV-related HCC correlates with increased expression of DNMT1 . Forced expression of miR-152 in liver cell lines reduces DNMT1 expression and in turn global DNA methylation, whereas inhibition of miR-152 causes global DNA hypermethylation and increased methylation of the glutathione S-transferase pi 1 (GSTP1) and CDH1 promoter regions. Similarly, in cholangiocarcinoma cells, DNMT1 is targeted by miR-148a and miR-152, and their ectopic expression suppresses DNMT1 and induces expression of the tumor suppressor genes Ras association domain family 1A (RASSF1A) and p16 (Braconi et al., 2010) . Recently, miR-342 was found to be downregulated in CRC cells, and restoration of its expression downregulated DNMT1 and reactivated expression of ADAM metallopeptidase domain 23 (ADAM23), histidine triad nucleotide binding protein 1 (HINT1), RASSF1A and reversion-inducing-cysteine-rich protein with kazal motifs (RECK ) through demethylation of their promoter regions (Wang et al., 2011a) . And in glioma, miR-185 targets DNMT1 to regulate the methylation of several gene promoters . Collectively, these results suggest that dysregulation of specific miRNAs may be causally related to aberrant methylation of promoter CpG islands.
Concluding remarks
In this review, we highlighted the relationship between epigenetic alteration and dysregulation of miRNAs in cancer. Aberrant DNA methylation and histone modification are major mechanisms underlying miRNA dysregulation in cancer, and methylation of a subset of miRNA genes may be useful biomarkers for detecting cancer and/or predicting clinical outcome. Moreover, replacement of silenced tumor-suppressive miRNAs in cancer cells could be a promising strategy for cancer treatment. We anticipate that further studies of the cancer epigenome and miRNAs will lead to the discovery of a variety of novel biomarkers and potential therapeutic targets.
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